Silymarin is a polyphenolic flavonoid from milk thistle (Silybum marianum), which has anti-inflammatory, cytoprotective, and anticarcinogenic effects. 1) In this study, we assessed the effect of silibinin (Fig. 1) , the major active compound in silymarin, on ultraviolet light (UV)-induced cell apoptosis in HaCaT cells, a human keratinocyte cell line. Pretreatment with silibinin 500 m mM significantly inhibited UV-induced apoptosis in HaCaT cells after 9 h incubation. The expression of Fas-associating protein with death domain (FADD), a downstream molecule of the death receptor pathway, was completely eliminated by silibinin treatment in UV-irradiated HaCaT cells, followed by inhibition of cleavage of procaspase-8, whose activation induced cell apoptosis 2) and decreased the release of cytochrome c from mitochondria. The caspase-8 inhibitor z-IETD-fmk at 10 m mM increased the ratio of UV-irradiated HaCaT cell viability, suggesting that UV-induced HaCaT cell apoptosis was partially due to activation of the caspase-8 pathway. Moreover, UV-induced cleavage of procaspase-3 and digestion of its substrates, the inhibitor of caspase-activated DNase (ICAD) and poly-(ADP-ribose) polymerase (PARP), were also reduced by silibinin pretreatment. While unexpectedly, it was found in our study that pretreatment with silibinin increased HaCaT cell death by CD95 agonistic antibody CH11. Consequently, the protective effect of silibinin against UV irradiation in HaCaT cells is exerted by inactivation of caspase-8 after direct downregulation of FADD expression, resulting in blockage of UV-induced apoptosis.
An increasing incidence of human skin cancer and other adverse effects of UV irradiation reinforce the need for novel chemoprevention strategies which involve the use of active compounds from Chinese herbal medicine that might prevent DNA damage or other biological events occurring following UV exposure to the skin. Our previous study demonstrated that silymarin was found to have an anti-apoptotic effect against UV irradiation in human malignant melanoma A375-S2 cells. 3, 4) Therefore, in this study, we investigated whether silibinin, the major active compound in silymarin, has a preventive effect against UV-induced skin damage in vitro by employing HaCaT human immortalized keratinocyte cells.
Caspases, a family of cysteine proteases, are critical mediators of programmed cell death, and thus far, 14 family members have been identified. 5) Caspases are activated in a sequential cascade of cleavage by other caspase family members. 6 ) Some of these, such as caspase-8, mediate signal transduction downstream of death receptors located on the cell membrane. Others, such as caspase-9, mediate apoptotic signals after mitochondrial damage.
CD95 (Fas/APO-1) is a death-promoting receptor that belongs to the tumor necrosis factor (TNF) receptor family. 7, 8) Triggering of the CD95 molecule either by agonistic antibodies or by the natural ligand CD95L (FasL) induces apoptosis. 9) Ligand binding induces trimerization of CD95, and the trimerized cytoplasmic region then transduces the signal by recruiting FADD which is responsible for downstream signal transduction by recruitment of caspase-8, a key protein in the apoptotic pathway.
Since it has been reported that UV irradiation induced apoptosis in HaCaT cells via direct activation of the CD95 pathway by inducing the clustering of CD95, which could be partly prevented by keeping the cells at a low temperature (4°C), 10) in this study, we investigated the quantitative alteration of proteins involved in the CD95 pathway after silibinin pretreatment in UV-irradiated HaCaT cells.
MATERIALS AND METHODS

Reagent
Silibinin was obtained from the Beijing Institute of Biologic Products (Beijing, China). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and 3,3-diaminobenzidine tetrahydrochloride (DAB) were purchased from Sigma Chemical (St. Louis, MO, U.S.A.). Rabbit polyclonal antibodies against Fas-associating protein with death domain (FADD), procaspase-8, procaspase-3, the inhibitor of caspase-activated DNase (ICAD) and poly-(ADP-ribose) polymerase (PARP), mouse monoclonal antibody against cytochrome c, and horseradish peroxidase-conjugated secondary antibodies (goat anti-rabbit and goat anti-mouse) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, U.S.A.). The caspase-8 inhibitor z-DEVD-fmk was obtained from Enzyme Systems (CA, U.S.A. body CH11 was purchased from Medical & Biological Laboratories (Nagoya, Japan).
Cell Culture The cells were cultured in RPMI-1640 medium (Hyclone, Logan, UT, U.S.A.) supplemented with 10% fetal bovine serum (Dalian Biological Reagent Factory, Dalian, China), L-glutamine (2 mM, GIBCO, Grand Island, NY, U.S.A.), penicillin (100 U/ml) and streptomycin (100 mg/ ml) and maintained at 37°C with 5% CO 2 in a humidified atmosphere.
Cell Growth Assay HaCaT cells were dispensed in 96-well flat-bottomed microtiter plates (NUNC, Roskilde, Denmark) at a density of 1ϫ10 4 cells/well. 1) The cells were incubated with silibinin for 1 h. Before UV irradiation, the medium was removed, and the cells were washed with PBS twice and then PBS added, followed by UV irradiation (52.1 J/m 2 ) either at 37°C or at 4°C (after being kept at 4°C for 20 min). The cells which were irradiated at 4°C were kept at 4°C for another 10 min. Then, all the cells were further incubated at 37°C for 9 h in the medium which had been added before UV irradiation.
2) The cells were incubated with caspase-8 inhibitor at 10 or 20 mM for 1 h, then treated with or without silibinin (500 mM) for another 1 h. The cells were then treated as described in 1) above.
3) The cells were treated with silibinin at 300 or 500 mM for 1 h and then incubated with anti-Fas agonistic antibody CH11 for 9 h. Cell growth was measured using the MTT assay as described elsewhere 11) with an ELISA reader (TECAN SPECTRA, Wetzlar, Germany).
The percentage of cell viability was calculated as follows:
cell viability (%)ϭ(A 490 ϪA 490, blank )/(A 490 , controlϪA 490 , blank )ϫ100
Observation of Morphologic Changes
HaCaT cells in RPMI-1640 containing 10% FBS were seeded into 60 mmϫ 15 mm cell culture dishes (Corning, NY, U.S.A.) and incubated overnight. Silibinin (500 mM) was added to the cell culture for 1 h. The cells were treated as (cell growth assay) described. Then, the cells were further incubated at 37°C for 6 h in the medium which had been added before UV irradiation. The cellular morphology was observed using phasecontrast microscopy (Leica, Wetzlar, Germany).
DNA Fragmentation Assay
HaCaT cells (1ϫ10 6 cells) were harvested and centrifuged at 150ϫg for 5 min and then washed with PBS. The cells were pelleted and suspended in 10 mM Tris (pH 7.4), 10 mM EDTA (pH 8.0), and 0.5% Triton X-100 and maintained at 4°C for 10 min. The supernatant was incubated with 20 mg/ml RNase A (2 ml) and 20 mg/ml proteinase K (2 ml) at 37°C for 1 h, then stored in 0.5 NaCl (20 ml) and ispropanol (120 ml) at Ϫ20°C overnight, and then centrifuged at 15000ϫg for 15 min. DNA was dissolved in TE buffer [10 mM Tris (pH 7.4), 10 mM EDTA (pH 8.0)] and subjected to 2% agarose gel electrophoresis at 50 V for 40 min and stained with ethidium bromide.
Western Blot Analysis After incubation, both adherent and floating HaCaT cells were collected. Western blot analysis was carried out as previously described, 12) with some modification. The cells were lysed on ice in lysis buffer [50 mM HEPES (pH 7.4), 1% Triton X-100, 2 mM sodium orthovanadate, 100 mM sodium fluoride, 1 mM EDTA, 1 mM EGTA, and 1 mM phenylmethanesulfonyl fluoride (PMSF)], supplemented with the proteinase inhibitors aprotinin 100 mg/ml, leupeptin 10 mg/ml and pepstatin 100 mg/ml for 1 h.
The protein concentration was determined by the folin assay. The lysate was centrifuged at 16000ϫg at 4°C for 10 min, equal amounts of total proteins were mixed in 2ϫloading buffer [50 mM Tris-HCl (pH 6.8), 2% SDS, 10% 2-mercaptoethanol, 10% glycerol, and 0.002% bromphenol blue], boiled for 5 min, and subjected to 12% SDS-polyacryamide gel electrophoresis. Proteins were electrotransferred onto nitrocellulose membranes and detected with antibodies against FADD, procaspase-8, procaspase-3, cytochrome c, ICAD, and PARP, followed by the addition of horseradish peroxidase (HRP)-conjugated secondary antibody and 3,3-diaminobenzidine tetrahydrochloride (DAB) as the HRP substrate.
Statistical Analysis All data represent at least three independent experiments and are expressed as the meanϮS.D., unless otherwise indicated. Statistical comparisons were made using Students' t-test. A p value less than 0.05 was considered to represent a statistically significant difference. Figure 2 shows the cell viability ratio of HaCaT cells treated with various concentrations of silibinin for 1 h and then further incubated for 9 h after UV irradiation. The viability ratio against UV irradiation (37°C) was 88.55% or 40.48%, after pretreatment with or without silibinin 500 mM respectively, suggesting that silibinin significantly reduced UV-induced apoptosis in HaCaT cells. Inhibition of aggregation of CD95 by a low temperature (4°C) caused up-regulation of the cell viability ratio (48.14%) compared with 40.48% at 37°C in UV-irradiated cells. Silibinin itself had no cytotoxic effects on the cells. The morphologic changes were observed in order to determine whether protection of HaCaT cells by silibinin against UV-induced cell death occurred through an anti-apoptotic pathway. When HaCaT cells were cultured for 6 h after UV irradiation,
RESULTS
Inhibitory Effects of Silibinin on Cell Apoptosis Induced by UV Irradiation
Fig. 2. Effect of Silibinin on the Viability Ratio of UV-Irradiated HaCaT Cells
HaCaT cells were pretreated with various concentrations of silibinin for 1 h, followed by UV irradiation (52.1 J/m 2 ) either at 37°C or at 4°C after being kept at 4°C for 20 min. The cells irradiated at 4°C were kept at 4°C for another 10 min. Then, all cells were further incubated at 37°C for 9 h. Cell viability ratio was evaluated using the MTT method. x ළ Ϯs, nϭ3, ** pϽ0.05.
marked morphologic changes were observed as compared with the untreated control (Figs. 3a, c, e). The majority of cells irradiated at 37°C became round, and some of these cells showed membrane blebbing (Fig. 3c) , a hallmark of apoptosis, while possible prevention of CD95 aggregation by 4°C treatment partly reduced UV-induced morphologic changes in Fig. 3e . Silibinin 500 mM pretreatment significantly reversed these adverse changes in cells that were either irradiated at 37°C or at 4°C (Figs. 3d, f) . DNA fragmentation, another hallmark of apoptosis, was also observed after UV irradiation (Fig. 4, lane b, c) , while the difference of DNA fragmentation by temperature control was not obvious, confirming that UV could also directly induce DNA damage, and DNA fragmentation was effectively reduced by silibinin pretreatment (Fig. 4, lane d, e) . Silibinin Completely Inhibited the Expression of FADD It has been reported that activation of CD95 requires trimerization of the receptor, which results in recruitment of the FADD, 13, 14) and UV irradiation could induce HaCaT cell apoptosis via direct activation of CD95, followed by recruitment of FADD to CD95. 10) Our results showed that UV irradiation increased the expression of FADD (Fig. 5, lane b) , while the low temperature (4°C) at which clustering of CD95 might be reduced, caused decreased expression of FADD (Fig. 5, lane c) , confirming that UV-induced HaCaT cell apoptosis occurred partly through the CD95 pathway. While Silibinin pretreatment completely inhibited the expression of FADD (Fig. 5, lane d, e) , which might decrease the recruitment of FADD to CD95, resulting in blockage of the UV-activated CD95 pathway.
Silibinin Inhibited the Cleavage of Procaspase-8 in UVIrradiated HaCaT Cells First, to prove that activation of caspase-8 is functionally relevant to UV-induced apoptosis, the effect of a caspase-8 inhibitor, z-DEVD-fmk, on UV-induced apoptosis was examined. UV-induced HaCaT cell death was reduced when cells were preincubated with 10 mM z-DEVD-fmk for 1 h, suggesting that activation of caspase-8 is not only crucial in CD95-mediated apoptosis, but also indispensable in UV-induced cell death (Fig. 6A) .
Western blot analysis showed that the effect of UV on the cleavage of procaspase-8 was inhibited by silibinin pretreatment in a time (peaked at 6 h) and dose (peaked at 500 mM)-dependent manner (Figs. 6B, C) , while silibinin alone did not have an obvious effect on the expression of procaspase-8 ( Fig. 6D) , suggesting that the activation of caspase-8 by cleavage of procaspase-8 was attenuated by silibinin in the UV-irradiated HaCaT cells. The expression of procaspase-8 was slightly increased in a temperature-dependent manner in UV-irradiated HaCaT cells (Fig. 6E, lane b, c) , and greatly up-regulated by silibinin pretreatment (Fig. 6E, lane d, e) .
Taken together, inhibition of cleavage of procaspase-8 (in- 
. Low Temperature (4°C)-Induced Reduction of FADD Expression Was Completely Inhibited by Silibinin Pretreatment
The cells were pretreated with or without silibinin (500 mM) for 1 h, then incubated at 37°C for 6 h after UV-irradiation either at 37°C or at 4°C. Cell lysates were separated by 12% SDS-PAGE, and expression of FADD was detected by Western blot analysis. bActin was used as an equal loading control. Silibinin Prevented UV-Induced Cleavage of Procaspase-3 and Its Substrates (ICAD and PARP) Caspase-3 is a member of the family of interleukin-1b-converting enzyme proteases that is crucially involved in apoptosis induced by various stimuli, including CD95 activation. 15, 16) Procaspase-3 becomes active when it is cleaved to a minor active component. Recently, it has been shown that the cleavage of procaspase-3 is also induced by UV irradiation, 10) which is consistent with our result of Western blot analysis results (Fig. 7, lane b) . Activated caspase-3 cleaved the death substrates, such as PARP 17) and ICAD, resulting in activation of caspase activated DNase (CAD).
18) The expressions of procaspase-3 as well as ICAD and PARP were increased by silibinin treatment, indicating that the cleavages of procaspase-3 and its substrates were downregulated (Fig. 7, lane d,  e) , therefore, UV-induced apoptosis was blocked.
The Effect of Silibinin on Anti-Fas Agonistic Antibody CH11-Induced HaCaT Cell Death Since activation of CD95 was involved in UV-induced HaCaT cell apoptosis, 10) and recruitment of FADD and activation of caspase-8, which were key elements downstream of the membrane death receptor, such as CD95, were greatly down-regulated by silibinin in UV-irradiated cells in this study, we further examined the effect of silibinin on CD95 using anti-Fas agonistic antibody CH11. Unexpectedly, the result showed that CH11 1 mg/ml slightly induced HaCaT cell death (Fig. 8) , while The cells were pretreated with or without silibinin (500 mM) for 1 h, then incubated at 37°C for 6 h after UV-irradiation either at 37°C or at 4°C. Cell lysates were separated by 12% SDS-PAGE, and expression of procaspase-8 was detected. b-Actin was used as an equal loading control. The cells were pretreated with or without silibinin (500 mM) for 1 h, then incubated at 37°C for 6 h after UV-irradiation either at 37°C or at 4°C. Cell lysates were separated by 12% SDS-PAGE, and the expressions of cytochrome c, procaspase-3, and the death substrates (ICAD and PARP) were detected by Western blot analysis. b-Actin was used as an equal loading control. pretreatment with silibinin 500 mM did not protect cells against CH11, but significantly enhanced the cytotoxic effect of CH11 on HaCaT cells (viability ratio was decreased to 20.64% compared with 77.73% by CH11 treatment alone), suggesting that the protective effect of silibinin might directly function on the downstream members of CD95.
DISCUSSION
Chronic exposure to UV irradiation is the major cause of skin cancer, which has a lifetime risk nearly equal to that of all other cancers combined. 19) UV irradiation can also induce premature skin ageing, immunosuppression, inflammation, and cell death. [20] [21] [22] [23] These adverse effects of UV irradiation clearly highlight the need for the development and implementation of novel prevention approaches. In this study, we found that silibinin was highly effective against UV-induced apoptosis in a human keratinocyte cell line, HaCaT, suggesting that the compound may be useful to protect human skin from UV irradiation in the future.
Consistent with a previous report, 10) low temperature (4°C) which could partly reduced aggregation of CD95, caused obvious difference of cell morphology and cell viability ratio in our study. These results confirmed that UV induced HaCaT cell apoptosis partly by activation of CD95 pathway.
Since caspase-8 can be recruited to the CD95-death-inducing signaling complex and mediates apoptotic signal transduction, we examined its function in detail. UV-induced apoptosis was attenuated either by 10 mM z-DEVD-fmk pretreatment or by 500 mM silibinin pretreatment (cell viability ratio was 57.59% and 90.21%, respectively), and cleavage of procaspase-8 by UV irradiation was also reduced by silibinin pretreatment, suggesting that the protective effect of silibinin against UV irradiation occurred through the inactivation of caspase-8. It has been reported that once caspase-8 is activated, it may directly activate effector caspases (such as caspase-3) 23) leading to apoptosis, or via proteolytic activation of Bid, release cytochrome c from mitochondria, resulting in the autoproteolytic activation of procaspase-9, 24) whose activation cleaves procaspase-3, a process that culminates in apoptotic cell death. The results of our Western blot analysis showed that the release of cytochrome c and cleavage of procaspase-3 as well as its substrates (ICAD and PARP), slightly increased in a temperature-dependent manner in UV-irradiated HaCaT cells, while silibinin pretreatment completely inhibited the release of cytochrome c, and increased the expressions of procaspase-3, ICAD and PARP after inhibition of the cleavage of caspase-8, compared with silibinin-untreated cells (UV irradiated), therefore, resulting in blockage of the UV-induced apoptotic pathway.
In addition, the upstream protein FADD, whose recruitment to CD95 directly activated caspase-8, was completely inhibited by silibinin pretreatment. It was also found that silibinin greatly enhanced anti-Fas agonistic antibody CH11-induced HaCaT cell death, although the mechanism of the synergistic effect of silibinin with CH11 on cell death is still not clear.
Therefore, it can be concluded that UV-induced HaCaT cell apoptosis was significantly reversed by silibinin pretreatment which was partially mediated by inhibition of the caspase-8 pathway after reduction of the expression of FADD. Silibinin rescued UV-induced apoptosis much more effectively than did the caspase-8 inhibitor, suggesting that there are other targets besides inhibition of the caspase-8 pathway.
Our previous study showed that the anti-apoptotic effect of silymarin against UV irradiation in A375-S2 cells occurred through blockage of mitochondrial pathway as well as activation of Akt and mitogen-activated protein kinase (MAPK) pathways. 3, 4) These possible mechanisms of the inhibitory effect of silibinin on UV-induced HaCaT cell apoptosis remains to be elucidated. Silymarin has been used in the clinical treatment of hepatic diseases 25, 26) and pharmacologic studies indicate that silymarin is not toxic even at high doses.
25) The present results showed that silibinin, the major active compound of silymarin, appeared to have the additional effect of protecting cells from UV-induced apoptosis, which might broaden the potential therapeutic use of silymarin to the protection of skin from UV light exposure. The cells were pretreated with or without silibinin (300 or 500 mM) for 1 h, followed by incubation for 9 h after adding CH11 (0.5 or 1 m/ml). Cell viability ratio was evaluated using the MTT method. x ළ Ϯs, nϭ3.
